nia has been observed in certain human conditions such as diabetic nephropathy and aging, which may explain the development of glomerulosclerosis (74) . However, podocytopenia has not been necessarily demonstrated in other conditions and the number of podocytes could be increased in certain forms of FSGS, such as HIV-associated collapsing FSGS (62) . Thus mechanisms other than podocytopenia may also contribute to the development of glomerulosclerosis. In this context, overproduction of the extracellular matrixes such as type I collagen and fibronectin by injured/stimulated podocytes could be important. While mesangial cells are well known to produce fibronectin by various stimuli (53, 54) , recent studies showed that podocytes can also produce fibronectin, transforming growth factor-␤, angiotensin II, and high glucose upregulated fibronectin in cultured podocytes (25, 34, 39, 55) . Upregulation of the extracellular matrixes was also observed without clear evidence of podocytopenia in adriamycin nephropathy (19) or in a model of diabetic nephropathy (12) , and fibronectin staining overlapped, at least partially, with nephrin in the mouse kidney consistent with fibronectin production by podocytes in addition to mesangial cells (70) . Furthermore, some investigators propose that podocytes may undergo epithelialmesenchymal transition when the injury is progressive to escape from apoptotic cell death and that the associated phenotypic changes may contribute to impaired permselectivity (42) . Induction of fibronectin and collagen I in injured podocytes was described as part of such a transition (34) .
The calcineurin inhibitor cyclosporine A is widely used for the treatment of idiopathic FSGS in addition to glucocorticoids (6) . Calcineurin is a serine/threonine phosphatase, which is activated by calmodulin bound to Ca 2ϩ (29) . Activated calcineurin, in turn, dephosphorylates the transcription factor nuclear factor of activated T cells (NFAT). Dephosphorylated NFAT translocates from the cytosol to the nucleus and initiates transactivation of the target genes (29) . Since NFAT activation is best described in T lymphocytes and many of the known NFAT target genes are proinflammatory, it has been presumed that the effect of cyclosporine A in nephrotic syndrome is via systemic immunosuppression. However, several recent reports suggest that podocytes could be a direct target of calcineurin inhibitors. First, podocyte-specific overexpression of calcineurin was sufficient to cause albuminuria in mice (17) . In this study, the authors focused on the role of the non-NFAT target of calcineurin, synaptopodin, to explain the pathomechanisms. In addition to the authors' conclusion, however, the data suggest a possibility that calcineurin activation may induce detrimental effects on podocytes via its main downstream target, i.e., NFAT. More recently, transient receptor potential canonical 6 (TRPC6) mutations associated with familial FSGS were shown to cause NFAT activation in cultured podocytes, which was inhibited by cyclosporine A (61) . In addition, inducible overexpression of a constitutively active mutant of NFAT in podocytes in mice was shown to cause proteinuria and glomerulosclerosis (73) , demonstrating that NFAT can play a pathological role directly in podocytes.
RhoA is a prototypical member of the Rho family of small GTPases, which is known as an important mediator of actin cytoskeletal dynamics (5) . In cultured mouse podocytes, Rho kinase (downstream kinase of RhoA) was shown to be responsible for mechanical stress-induced cytoskeletal changes (13, 83) , suggesting that RhoA activation in podocytes may play a role in podocyte injury in glomerular hyperfiltration/hypertension-induced glomerulosclerosis. We reported previously that inducible expression of a constitutively active (CA) mutant of RhoA (CA-RhoA) in mouse podocytes results in heavy proteinuria and pathology similar to FSGS in humans (82) . These results point to a possibility that excessive and/or sustained activation of RhoA may be detrimental to podocyte health and may cause glomerulosclerosis. Consistent with this notion, RhoA activation has been described in podocytes in response to various injurious stimuli such as angiotensin II (26, 28) , puromycin aminonucleoside (63) , and complement C5b-9 (81). In addition, the Rho-kinase inhibitors (Y27632 and fasudil) were shown to inhibit renal injury and/or albuminuria in various rodent models (21, 33, 53, 63) . More recently, it was shown that overexpression of Rho-kinase 1 in podocytes exacerbates, while its deletion ameliorates, podocyte injury in diabetic nephropathy via modulating mitochondrial fission (72) .
The current study aimed at studying how RhoA activation in podocytes could lead to extracellular matrix accumulation and glomerulosclerosis. Specifically, we tested the hypothesis that RhoA activation in podocytes induces excess production of the extracellular matrix, fibronectin, via the calcium/calmodulin/ calcineurin/NFAT pathway, contributing to the development of glomerulosclerosis.
MATERIALS AND METHODS
Materials. Antibodies were obtained from the following sources: fibronectin (BD Biosciences, San Jose, CA); RhoA, B, and C (Upstate Biotechnology, Lake Placid, NY); HA and NFAT4 (Santa Cruz Biotechnology, Santa Cruz, CA); and TRPC6 (Alomone Labs, Jerusalem, Israel). Antibody for tubulin and all the secondary antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA). Calpeptin, C3 transferase, and Rho activator II were from Cytoskeleton (Denver, CO). Y27632, VIVIT, BAPTA, W7, FK506, and thapsigargin were from Tocris Bioscience (Minneapolis, MN). 11R-VIVIT (VIVIT for in vivo experiment; Ref. 50 ) was synthesized at the Sheldon Biotechnology Centre, McGill University. SKF96365 and 2-aminoethoxydiphenyl borate (2-APB) were from Ascent Scientific (Cambridge, MA). Ponasterone A, SB431542 and other chemicals were from Sigma-Aldrich (Mississauga, ON). pGL-F1900 (rat fibronectin promoter-luciferase reporter construct) was a gift from Dr. I. S. Kim (37) . pGL3-NFAT-luciferase (containing 3 repeats of the NFAT-binding domain of the human IL-2 promoter), CA-NFAT2 (constitutively active mutant of NFAT2), and HA-NFAT4(3-407)-GFP were obtained from Addgene (Cambridge, MA Cells. Immortalized mouse podocytes stably expressing rat nephrin were described previously (3) . A subclone of mouse podocytes stably expressing the angiotensin receptor AT1R was generated by stably transfecting the AT1R plasmid into immortalized mouse podocytes as described by Attias et al. (3) . Mouse podocytes were differentiated by temperature switch for 7-14 days for experiments. A subclone of rat glomerular epithelial cells (GEC) expressing CA-RhoA in a ponasterone A-inducible manner (GEC-RXR-CA-RhoA) was described previously (81) .
Reporter gene assay. GEC-RXR-CA-RhoA or differentiated mouse podocytes were cultured in a 24-well plate at 2 ϫ 10 5 cells/well. On the following day, 200 ng of the plasmid encoding CA-RhoA or CA-NFAT were cotransfected with 100 ng of FN-luciferase or NFATluciferase and 10 ng of pRLTK (Promega, Madison, WI). Inhibitors were added 6 h after the transfection. Cells were harvested 24 h after the transfection, and the luminescence was quantified using Dual Luciferase Assay System (Promega).
Immunofluorescence staining. Immunofluorescence staining was carried out as described previously (82) . In brief, GEC-RXR-CARhoA or differentiated mouse podocytes were cultured on glass coverslips and were placed in 12-well plates. On the following day, cells were transfected with plasmids (400 ng/well). After 24 h, cells were fixed with 3.2% paraformaldehyde and permeabilized with 0.5% Triton X-100. Incubations with the first and second antibodies were carried out at 4°C overnight and at 22°C for 60 min, respectively. Staining of mouse kidneys for fibronectin and podocalyxin was described previously (82) . Images for NFAT4 nuclear translocation were captured on a LSM 780 Laser Scanning Confocal Microscope (Zeiss, Germany). All the other images were captured with an AxioObserver-100 microscope (Zeiss).
Cell fractionation. Separation of the nuclear and cytosolic cellular fractions was carried out as described previously (59) with minor modifications. Briefly, GEC-RXR-CA-RhoA were transiently transfected with HA-NFAT4(3-407)-GFP and stimulated with calpeptin (Rho activator, 100 g/ml) in the presence or absence of Y27632 (10 M) or with ionomycin (2 M) for 45 min at 37°C. The nuclear and cytosolic fractions were separated as by Richardson et al. (59) and localization of NFAT4 was studied by immunoblotting for HA.
Immunoblotting. Immunoblotting was carried out as described previously (66) . In brief, cells were lysed with buffer containing 10 mM sodium pyrophosphate, 25 mM NaF, 2 mM Na3VO4, 1% Triton X-100, 125 mM NaCl, 10 mM Tris, 1 mM EDTA, 1 mM EGTA, and a protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland), pH 7.4. Protein concentration was determined, and samples containing equal amounts of protein were separated by 4 -15% (wt/vol) gradient (fibronectin) or 7.5% SDS-PAGE (TRPC6) and transferred to polyvinylidene difluoride membranes (Bio-Rad Laboratories, Hercules, CA). Blots were incubated with primary antibodies overnight and subsequently with peroxidase-labeled secondary antibodies. Proteins were visualized using enhanced chemiluminescence, and signal intensity was determined with ImageJ.
RT-PCR. Total RNA was extracted and DNase-treated. Synthesis of cDNA was performed with 1 g of total RNA using the Reverse Transcription Reagents Kit from Qiagen (Valencia, CA). Primers used are shown in Table 1 . Primers for fibronectin were purchased from Qiagen (no. QT00135758).
Quantification of fibronectin by ELISA. Rat fibronectin ELISA was performed following the manufacturer's instructions (Biorbyt, Cambridge, UK) using 100 l of cell lysates from GEC-RXR-CA-RhoA stimulated with ponasterone A.
shRNA-mediated gene silencing. Gene silencing was performed as described previously (68) . Briefly, differentiated mouse podocytes were transduced with lentivirus containing shRNAs or control shRNAs. Virus containing medium was replaced after 18 h. Cells were used for calcium measurement 72 h after start of transduction.
Measurement of the intracellular calcium ion concentration. Measurement of the intracellular calcium ion concentration ([Ca 2ϩ ]i) was carried out as described previously (49) . Briefly, cells were plated on glass bottom microwell dishes (MatTek, Ashland, MA). Cells were incubated with fluo-4 (5 M) at room temperature for 5 min and washed three times in RPMI 1640 without phenol red. The calcium fluorescence (excitation: 488 nm and emission: between 500 -650 nm) was imaged by a confocal microscope (Olympus IX-81). Calcium images were recorded every 10 min.
EMSA. Glomeruli from rats and mice were prepared by differential sieving as described previously (3, 82) . Nuclear extracts of the glomerulus were prepared following the protocol as described previously (67) . EMSA was performed using the NFAT EMSA kit (cat. no. AY1027P; Panomics, Fremont, CA), which uses the NFAT-binding sequence from the interleukin-2 gene as a probe (51) . Specificity of the shifted band was confirmed by adding excess cold probe. In some experiments, anti-NFAT4 antibody (sc-8405x; Santa Cruz) was added for supershift.
Animals. Mice with podocyte-specific, doxycycline-inducible CARhoA were described previously (82) . For the NFAT inhibition experiment, mice were treated with doxycycline (4 mg/ml in drinking water) for 1 wk with or without the NFAT inhibitor 11R-VIVIT (10 mg/kg ip in PBS) for the last 5 days. Puromycin aminonucleoside nephrosis was induced by a single intravenous injection of puromycin aminonucleoside (100 mg/kg) in male Sprague-Dawley rats (150 -175 g) as described previously (1). 
NFAT, nuclear factor of activated T cells; AT1a receptor, angiotensin II type 1a receptor. Statistical analysis. Data are expressed as means Ϯ SE. Student's t-test was used to determine significant differences between two groups. One-way ANOVA was used to compare multiple groups using the Newman-Keuls test for post hoc analysis. P Ͻ 0.05 was considered significant.
RESULTS

RhoA upregulates fibronectin in podocytes.
We reported previously that induction of CA-RhoA in mouse podocytes results in FSGS-like pathology, which was accompanied by an upregulation of fibronectin mRNA and protein levels in the glomerulus (82) . We first confirmed if RhoA activation leads to fibronectin upregulation in cultured podocytes. We utilized a subclone of rat GEC, which express CA-RhoA in a ponasterone A-inducible manner (GEC-RXR-CA-RhoA) (81) . Ponasterone A is an insect hormone and has no known impacts on mammalian cells (81) . Thus the system allows evaluating the impact of RhoA activation on the cell. We established that a low dose of ponasterone A (1 M) allows a mild induction of CA-RhoA without causing cell death (82) . When the cells were treated with a low dose of ponasterone A, immunostaining for fibronectin was increased starting at 3 h (Fig. 1A) . The upregulation was inhibited by an inhibitor of Rho kinase (Y27632), which acts downstream of activated RhoA (5). Similar results were confirmed by ELISA and immunoblotting (Fig. 1, B and D) . In addition, when the fibronectin promoter-reporter construct was transfected into the cells and treated with ponasterone A for 24 h, luciferase activity was significantly augmented, compared with vehicle-treated cells (Fig. 1C) . Thus induction of CA-RhoA in rat GEC activates the fibronectin gene, leading to protein upregulation. We also confirmed that RhoA activation leads to fibronectin protein upregulation in cultured mouse podocytes (Fig. 1E) .
RhoA activates NFAT in podocytes. We next studied how RhoA transactivates the fibronectin gene. Since a significant percentage of patients with FSGS respond to treatment with a calcineurin inhibitor (6), we hypothesized a potential role of the calcineurin-NFAT pathway. We first studied which of the four known NFAT isoforms are expressed in the cultured podocytes by RT-PCR. In rat GEC and mouse podocytes used in the current study, we identified predominant expression of NFAT4 (NFATc3) mRNA, consistent with the previous report (61) (Fig. 2A) . It is known that NFAT, when dephosphorylated by calcineurin, translocates from the cytosol to the nucleus (57) . When GFP-NFAT4 was transfected in GEC-RXR-CARhoA, it localized exclusively in the cytosol, consistent with its phosphorylated/inactive state at the baseline (Fig. 2B) . When cells were stimulated with ponasterone A to induce CA-RhoA expression, ϳ13% of the cells showed clear nuclear localization of GFP-NFAT4, while no nuclear localization was observed in control (vehicle-treated) cells (Fig. 2B ). RhoA-induced nuclear translocation was abolished by the NFAT inhibitor (VIVIT), calcineurin inhibitor (FK506), and Rho-kinase inhibitor (Y27632; Fig. 2B ). We also confirmed NFAT4 nuclear translocation biochemically; when rat GEC was transfected with HA-NFAT4 and stimulated with calpeptin (Rho activator), NFAT4 in the nuclear fraction increased, albeit the effect of calpeptin was weaker than the well-established NFAT activator ionomycin (Fig. 2C) .
Next, the NFAT-responsive reporter was tested in mouse podocytes. CA-RhoA activated the NFAT reporter significantly, which was inhibited by the NFAT inhibitor (VIVIT), intracellular calcium chelator (BAPTA), calmodulin inhibitor (W7), and the Rho-kinase inhibitor (Y27632; Fig. 2D ). The calcineurin inhibitor FK506 also inhibited the NFAT reporter activation, but the inhibition was partial (see DISCUSSION) . The inactive mutant of RhoA did not activate the NFAT promoter (Fig. 2D) . CA-RhoA-mediated NFAT-reporter activation was also confirmed in rat GEC (not shown). Taken together, the results indicate that RhoA activates NFAT in a Rho-kinase-and calcium/calmodulin/calcineurin/NFAT-dependent manner in podocytes.
NFAT upregulates fibronectin in podocytes. We next studied if NFAT activation itself can induce fibronectin upregulation in podocytes. First, the fibronectin promoter-reporter was tested in mouse podocytes. CA-NFAT induced a significant activation of the fibronectin promoter, which was synergistically augmented further by the protein kinase C activator phorbol 12-myristate 13-acetate, similar to many other genes such as interleukin-2 (44) (Fig. 3A) . We next studied if the transcriptional activation of fibronectin also results in protein upregulation. When wild-type NFAT (GFP-tagged) was transfected into mouse podocytes, it localized in the cytosol, consistent with its inactive state (Fig. 3B) . Immunostaining for fibronectin was minimal (Fig. 3B ) and was not different from cells transfected with GFP alone (not shown). In contrast, CA-NFAT localized predominantly in the nucleus as expected and the expression of fibronectin in the transfected cell was markedly increased (Fig. 3B) . Thus NFAT activation was sufficient to transactivate the fibronectin gene and upregulate fibronectin protein in podocytes.
RhoA-induced fibronectin upregulation is dependent on NFAT activation. The results, thus far, clearly demonstrate that RhoA activates NFAT and upregulates fibronectin. Furthermore, fibronectin upregulation was shown to be NFAT dependent, which led us to ask if NFAT mediates RhoA-induced fibronectin upregulation in podocytes. The fibronectin promoterreporter was activated by CA-RhoA, but not by the inactive mutant of RhoA, in mouse podocytes (Fig. 4A) , consistent with the results in rat GEC as shown in fibronectin gene transactivation was inhibited by VIVIT, BAPTA, W7, and Y27632. FK506 also inhibited the fibronectin reporter activation but the inhibition was incomplete, similar to RhoA-induced NFAT activation as shown in Fig. 2C (see DISCUSSION) . We also studied the inhibitory profile of RhoA-induced fibronectin protein in rat GEC. Similar to the results of the reporter gene assay, RhoA-induced fibronectin upregulation was inhibited by VIVIT, BAPTA, W7, and Y27632 (Fig. 4B) . Transforming growth factor-␤ (TGF-␤) is a well-known potent transactivator of fibronectin (54) . However, the TGF-␤ receptor I inhibitor, SB431542 (10 M) did not inhibit RhoA-induced fibronectin gene transactivation, indicating that the effect of RhoA on fibronectin is independent of TGF-␤ (Fig. 4C) . These results suggest that RhoA transactivates the fibronectin gene via Rho-kinase and the calcium/ calmodulin/NFAT pathway, but not via TGF-␤, thereby contributing to protein upregulation. NFAT is activated in the models of podocyte injury and contributes to fibronectin upregulation. The role of NFAT in podocyte-mediated glomerulosclerosis has been proposed by several groups (48, 61, 73) . However, direct evidence for NFAT activation in proteinuric glomerular disease/model in vivo is sparse. We next studied NFAT activation in vivo. First, podocyte-specific CA-RhoA expression was induced in mice and glomerular nuclear extracts were analyzed by EMSA using an NFAT-binding probe. Glomeruli from control mice showed a minimal mobility shift of the NFAT probe, which was markedly increased when mice were induced with doxycycline for 2 days, consistent with the nuclear translocation of NFAT (Fig. 5A ). The shifted band was abolished by addition of excess cold probe demonstrating the specificity (Fig. 5A) . The expression of CA-RhoA is limited to podocytes in this model; thus it is reasonable to assume that the nuclear translocation of NFAT takes place in podocytes. Since the predominant NFAT isoform in cultured podocytes was NFAT4 ( Fig. 2A) , we added NFAT4 antibody to the reaction to test its ability to supershift the band. The band intensity became markedly weaker with the addition of NFAT4 antibody, suggesting that the major NFAT, which caused the mobility shift of the NFAT probe, was NFAT4. However, we were not able to identify the supershifted band, which is expected to be seen at the higher part of the gel. This could be because of an intense and broad nonspecific band at the top of the gel (not shown).
Next, we studied glomeruli from rats with PAN. Nuclear extracts from control rat glomeruli showed a minimal mobility shift (Fig. 5B) , similar to control mice (Fig. 5A) . In contrast, glomeruli from rats 4 days after disease induction showed a distinct mobility shift of the NFAT probe (Fig. 5B) . The shifted band was abolished by excess cold probe and anti-NFAT4 antibody, similar to CA-RhoA expressing mice (Fig. 5B) . Since podocyte is the main site of injury in this model, NFAT activation is likely to be taking place in podocytes although NFAT activation in other cell types cannot be excluded. Finally, we tested the effect of a pharmacological inhibitor of NFAT on fibronectin upregulation in vivo. When CA-RhoA was induced in podocytes in mice, glomerular fibronectin mRNA was upregulated (Fig. 5, C and D) , consistent with our previous report (82) . Immunostaining of fibronectin in doxycycline-treated glomeruli overlapped, at least partially, with podocalyxin, suggesting that fibronectin upregulation occurred in podocytes (Fig. 5C) . The upregulation was inhibited by 11R-VIVIT (Fig. 5, C and D) . Proteinuria, as quantified by the urine albumin-to-creatinine ratio, was not affected by 11R-VIVIT (not shown). Together, the results indicate that NFAT is activated in certain models of podocyte injury and contributes to fibronectin upregulation.
Activation of RhoA increases the intracellular calcium. We next asked how RhoA activates NFAT in podocytes. NFAT activation is known to be triggered by a rise of the [Ca 2ϩ ] i (11) . . NFAT is activated in the rat and mouse model of podocyte injury and proteinuria and contributes to fibronectin upregulation. A: podocyte-specific expression of CA-RhoA was induced by doxycycline (Dox) in mouse for 2 days. Control mice were treated with vehicle. B: puromycin aminonucleoside nephrosis (PAN) was induced by a single intravenous injection of puromycin aminonucleoside in rats. Control rats were injected with saline. Animals were killed on day 4. Nuclear extracts from the glomerulus were subjected to EMSA using an NFAT-specific probe (see MATERIALS AND METHODS). NFAT in the glomerular nuclear extracts was minimal in control animals but markedly increased in Dox-treated mice (A) and in PAN rats (B). The shifted bands (*) were abolished by adding excess cold probe, demonstrating the specificity. Addition of anti-NFAT4 antibody also markedly reduced the intensity of the shifted band, suggesting supershift. However, we were not able to identify the supershifted bands, possibly because of the intense nonspecific bands at the top of the gel (not shown). A, bottom: densitometric analysis of the shifted band. *P Ͻ 0.05 vs. all the others; n ϭ 4 -5 mice each per group. C and D: podocyte-specific expression of CA-RhoA was induced by doxycycline in mouse for 1 wk, with or without the NFAT inhibitor, 11R-VIVIT. Control mice were treated with vehicle alone. C: kidney sections were immunostained for fibronectin and podocalyxin. Dox-treated mice (middle) showed increased expression of fibronectin in glomeruli, compared with control (left), or mice treated with Dox plus 11R-VIVIT (right). Magnification: ϫ100 (top) and ϫ630 (bottom). D: glomerular lysates were analyzed by qPCR for fibronectin mRNA expression. P Ͻ 0.05, Dox vs. control; n ϭ 4 -6 mice in each group. ] i was observed over the period of 40 min (Fig. 6A) . The RhoA inhibitor C3 transferase and the Rho-kinase inhibitor Y27632 abrogated the calpeptin-induced [Ca 2ϩ ] i rise (Fig. 6B) ] i is dependent on the extracellular calcium (Fig. 7A) . Podocytes are known to express TRPC cation channels (22) . In particular, mutations of TRPC6 are known to be associated with the pathogenesis of familial FSGS (58, 77) . We next stimulated the cells with calpeptin in the presence of 2-APB (30 M) or SKF96365 (25 M), both of which are known to block the TRPC channels (27, 30) . The calpeptin-induced rise of [Ca 2ϩ ] i, was significantly inhibited by the two inhibitors (Fig. 7A) , suggesting that calpeptin induces Ca 2ϩ influx via TRPC channels. When TRPC6 was knocked down by shRNA, the calpeptin-induced rise of [Ca 2ϩ ] i, was significantly reduced, further supporting the contribution of TRPC6 (Fig. 7B) . Furthermore, in the presence of thapsigargin (100 nM), which inhibits the Ca 2ϩ -ATPase and depletes the intracellular Ca 2ϩ store (60), the calpeptin-induced [Ca 2ϩ ]i rise was inhibited significantly (Fig. 7A) . Thus RhoA activation induces a rise of [Ca 2ϩ ] i , which is dependent on both the intracellular Ca 2ϩ stores and the extracellular Ca . The influx of the latter appears to be, at least in part, dependent on the TRPC channels. Whether the calcium influx induced calcium release from the stores (14) and/or the calcium release activated the store-operated calcium channels (52) could not be determined from the current studies.
We also studied the impact of RhoA activation on the expression level of TRPC6 in rat GEC. After 24 h of CA-RhoA induction, TRPC6 expression was upregulated, which was inhibited by the Rho-kinase inhibitor (Fig. 7C) . Thus RhoA Angiotensin II-induced fibronectin upregulation is dependent on NFAT but not on Rho kinase. Angiotensin II was shown to act on podocytes and is likely to be relevant to the pathogenesis of diabetic nephropathy or hypertensive nephrosclerosis (28, 38, 85) . It has been reported that angiotensin II stimulates fibronectin production by podocytes (25) . Since angiotensin II is known to increase the intracellular calcium(23) and also to activate RhoA and NFAT (48, 68), we next studied if RhoA and/or the calcium/calmodulin/NFAT pathway mediate angiotensin II-induced fibronectin production. In cultured mouse podocytes used in the current study, the angiotensin II receptors AT1a, AT1b, and AT2 were expressed at the mRNA level but the response to angiotensin II was weak (not shown). Therefore, we developed a line of mouse podocyte, which stably express the AT1a receptor (MP-AT1R; Fig. 8A ). When these cells were stimulated with angiotensin II, fibronectin protein was upregulated, consistent with the previous report (25) (Fig. 8B) . In MP-AT1R, angiotensin II activated the fibronectin promoter, which was inhibited by BAPTA, W7, FK506, and VIVIT (Fig. 8C) . In contrast, neither the Rhokinase inhibitor (Y27632) nor the dominant negative RhoA (DN-RhoA) inhibited angiotensin II-activated fibronectin promoter (Fig. 8C) . These results indicate that angiotensin II transactivates the fibronectin gene via the calcium/calmodulin/ NFAT pathway but the process is independent of RhoA and Rho kinase.
DISCUSSION
It has now become a standard clinical care to use the calcineurin inhibitor cyclosporine A in patients with idiopathic FSGS (6) . The initial assumption was that cyclosporine A acts solely as an immunosuppressant for T cells, thereby ameliorating podocyte injury indirectly via immunomodulation. However, recent findings raised a possibility that podocyte could be a direct target of calcineurin inhibitors (47) . Expressing calcineurin (17) or constitutively active NFAT (73) in podocytes was sufficient to induce proteinuria in mice, accompanied by glomerulosclerosis in the latter. Mutants of TRPC6 that are known to cause familial FSGS in humans were found to induce NFAT activation in cultured podocytes (61) . Interestingly, angiotensin II-induced TRPC6 upregulation was mediated by NFAT (48) , suggesting a possibility of a positive feedback loop. It was also shown that calcineurin-dependent NFAT activation mediates podocyte apoptosis in diabetic nephropathy (71) . Collectively, accumulating data suggest that activation of the calcineurin/NFAT pathway locally in podocytes may contribute to the pathogenesis of proteinuria and glomerulosclerosis. The results of the present studies support this notion and provide a possible mechanism by which the calcineurin/NFAT pathway contributes to the accumulation of the extracellular matrix in the glomerulus (Fig. 9) . Further support for nonimmunological actions of calcineurin/NFAT can be found in cardiac myocytes; for example, the calcineurin-NFAT pathway was established as a central mediator of cardiac hypertrophy (40, 75, 80) . It should be noted, however, that the response to NFAT activation is highly cell dependent. For example, it was shown that calcineurin/NFAT mediates TGF-␤-induced fibronectin upregulation in glomerular mesangial cells while it has the opposite impact in tubular cells (10) . Our results definitively identified NFAT as a stimulant of fibronectin production in podocytes in a TGF-␤-independent manner.
Homeostasis of calcium ion (Ca 2ϩ ) is essential for cellular function (9) . More than a decade ago, it was reported that polycations-induced Ca 2ϩ influx might be an early event in the pathogenesis of protamine sulfate-mediated retraction of podocyte foot processes (60) . More recently, Ca 2ϩ and related signaling pathways were found to play a critical role in the initial stages of podocyte injury (69) . Also, albumin overload was shown to increase intracellular calcium ion concentration ([Ca 2ϩ ] i ) in podocytes both via the Ca 2ϩ influx and the release of the intracellular Ca 2ϩ stores (8) . A number of cation channels have been identified to cause Ca 2ϩ influx in podocytes (16, 35, 58, 68) . Among them, TRPC6 has been attracting most attention. TRPC6 is a nonselective cation channel with preference to Ca 2ϩ (56) , and its mutations can cause familial FSGS (58, 77 ] i which was dependent on the extracellular Ca 2ϩ (Fig.  7A) . Ca 2ϩ influx was, at least in part, mediated by TRPC6 channels as suggested by the effect of the cation channel inhibitors, SKF-96365 and 2-ABP (Fig. 7A) , and TRPC6 knockdown (Fig. 7B) . The mechanisms by which RhoA activates TRPC channel(s) are yet to be determined. One possibility is that RhoA modulates the insertion of TRPC6 in the plasma membrane. There have been several reports supporting the role of Rho-GTPases in the membrane insertion of TRPC channels; Rac1 was shown to mediate TRPC5 insertion to the plasma membrane and to initiate Ca 2ϩ influx (4, 68) . Similarly, RhoA facilitated membrane insertion of TRPC6 following the thrombin stimulation in endothelial cells (46) tein-coupled receptor activation in HEK293 cells (7) . Also, a proteoglycan, syndecan 4, was shown to enhance the insertion of TRPC6 channels in the plasma membrane via a RhoAdependent pathway in podocytes (43) . Another possibility is that RhoA modulates the channel activities of TRPC6 by posttranslational modifications such as phosphorylation. Phosphorylation of TRPC channels has been shown to regulate channel activities, membrane trafficking, and formation of protein complexes (36) . For example, phosphorylation of Y284 of TRPC6 was shown to be necessary for its trafficking to the plasma membrane (32) . Of interest, in addition to the acute effect (Fig. 6 , B and C), RhoA also induced TRPC6 upregulation after 24 h (Fig. 7C) . This suggests that RhoA may not only regulate the TRPC channel localization and/or activity but also their expression level. Information on the role of RhoA in fibronectin upregulation is limited. Constitutively active RhoA was shown to facilitate the fibronectin matrix formation in renal cancer cells (18) . Krepinsky and colleagues demonstrated that RhoA and its downstream kinase, Rho kinase, mediate TGF-␤ (54) and high glucose (53)-mediated fibronectin upregulation in mesangial cells. The transcription factor activator protein-1 was implicated in the latter; however, further mechanisms have not been studied. In the current study, we demonstrated that RhoAmediated fibronectin upregulation is dependent on the calcium/ NFAT signal pathway. This pathway would, at least in part, explain our previous observation that induction of CA-RhoA in podocytes in mice causes histological changes similar to FSGS. In addition, it is established that RhoA is activated when podocytes are mechanically stretched (13) . Therefore, stretchinduced RhoA activation is likely to contribute to matrix synthesis and development of glomerulosclerosis secondary to glomerular hypertension as is seen in hypertensive glomerulosclerosis or remnant/hyperfiltrating kidneys. Similarly, the role of mechanical stretch and RhoA activation in the increased matrix production has been also shown in glomerular mesangial cells (31, 79) . The potential contributions of other transcription factors downstream of RhoA such as myocardinrelated transcription factor (15) or synergy of NFAT with other transcription factors (44) need to be addressed in future studies.
It is firmly established that calcineurin inhibitors, such as cyclosporine A and FK506, are potent inhibitors of the calcineurin-NFAT pathway (41). Thus we were surprised to observe that FK506 did not completely block RhoA-induced NFAT activation or fibronectin activation (Figs. 2C and 4A) . Calcineurin inhibitors are known to prevent ubiquitinationmediated protein degradation of RhoA (2) . In a recent study, cyclosporine A and cyclosporine/sirolimus combination were found to activate RhoA and actin remodeling in renal tubular epithelia (45) . Consistent with these reports, we also observed that when mouse podocyte transfected with CA-RhoA were treated with calcineurin inhibitors, expression of CA-RhoA was markedly augmented (not shown). This augmented CARhoA stability/expression may counteract the inhibitory action of FK506 on NFAT activation. Alternatively, we cannot exclude the possibility that calcineurin may have substrates other than NFAT that affect fibronectin gene transactivation. In either case, relative inefficiency of calcineurin inhibitors to block RhoA-mediated NFAT activation suggests that we may need to target NFAT directly, rather than inhibiting calcineurins, to block the NFAT-mediated gene regulations downstream of RhoA in podocytes. This opens up an interesting possibility that NFAT could be a therapeutic target where RhoA activation in podocytes is pathogenic such as hypertensive glomerulosclerosis.
In summary, we demonstrated that activation of RhoA induces a rise of [Ca 2ϩ ] i in glomerular podocytes. Increased [Ca 2ϩ ] i leads to the activation of the calcineurin/NFAT pathway, which contributed to fibronectin upregulation. This pathway may be responsible for the pathogenesis of certain glomerular diseases such as idiopathic FSGS and hypertensive glomerulosclerosis. 
